Abstract. Myosin light chain kinase (MLCK) phosphorylates myosin regulatory light chains to facilitate its interaction with actin filaments and produce contractile activity. The outer hair cells (OHCs) in the ear contain large amounts of actin and a variety myosins. The stereociliary and somatic motility of OHCs are closely related to hearing. It appears likely that MLCK may play an important role in acoustic trans duction. In this study, we analyzed, both in vivo and in vitro, the OHCs of mice bearing a specific deletion of the MLCK gene and the OHCs of control mice. The phenotype was assessed by auditory function [acoustic brainstem responses (ABRs) and distortion product otoacoustic emissions (DPOAEs)], inner ear morphology and histology. MLCK-deficient mice aged 6-7 months showed impaired hearing, a 5-to 10-dB sound pressure level (SPL) increase in the ABR thresholds, when responding to clicks and tones of different frequencies (8 and 16 kHz) (P<0.05). The DPOAE amplitudes of 3-month-old MLCK-deficient mice decreased significantly (>10 dB SPL) at low frequencies (4, 5 and 6 kHz). The OHCs in the MLCK-deficient mice increased with abnormal stereocilia. The staining of F-actin and the phosphorylation of the regulatory light chain in MLCK-deficient OHCs was weak. Our results indicate that MLCK may regulate the structure and the motility of stereocilia through F-actin polymerization.
Introduction
Hearing impairment is one of the most common disabling sensory defects in humans and varies according to age of onset and severity. Approximately 1 in 500 newborns has congenital hearing loss (1, 2) . Hearing impairment is a genetically heterogeneous disease; over 300 genes are thought to be necessary for hearing and over 50 deafness-causing genes have been identified (3, 4) . These genes encode a number of important proteins, such as myosin motors, gap junction proteins, ion channels, transcription factors, F-actin bundle proteins, F-actin crosslinking proteins and other gene expression products that have unknown functions (5) (6) (7) (8) (9) (10) . Studies on the localization and function of these genes have provided a great deal of insight into the mechanisms of hearing.
Hearing in mammals is characterized by high sensitivity, a wide dynamic range and sharp frequency selectivity. In the mammalian auditory pathway, the sensory receptor cells from the organ of Corti have differentiated into 1 row of inner hair cells (IHCs) on the modiolar side of the tunnel and 3 rows of outer hair cells (OHCs) on the lateral side. OHCs play a considerable role in frequency selectivity and in signal amplification through many cytoskeleton proteins, such as myosin, actin and prestin. The slow and fast motility or the electromotility of OHCs is involved in this process (11) (12) (13) (14) . The slow motile shortening of OHCs is likely performed by the phosphorylation of proteins in the actin-spectrin network of the cortical cytoskeleton in the lateral cell wall. The plasma membrane of the OHC lateral wall and stereocilia contain a number of proteins, such as myosin, actin, prestin, ankyrin, spectrin and calmodulin (15) . It has been previously suggested that a number of conventional myosins play an important role in the development of the inner ear (16) ; however, the underlying mechanisms remain unknown. Myosin may be regulated by myosin light chain kinase (MLCK) through the phosphorylation of the regulatory light chain (RLC) in smooth muscle cells. Therefore, we hypothesized that MLCK may play an important role in hearing.
MLCK is the principal regulator of various forms of eukaryotic motility. MLCK plays an important role in many functions of non-muscle cells, including cell spreading and migration, neurite growth cone advancement, cytokinesis, cytoskeletal clustering, stress fiber formation, platelet shape changes, secretion, transepithelial permeability and cytoskeletal arrangements, which affect ion currents or ion exchange at the plasma membrane (17) (18) (19) (20) . The smooth muscle gene Mylk expresses 3 transcripts using alternative promoters, including short MLCK, long MLCK and telokin. Short MLCK is expressed in hair cells and is necessary for maintaining membrane stability in IHCs (21) . Short MLCK has a catalytic core, a regulatory segment, 3 immunoglobulin-like modules, a fibronectin module, a PEVK repeat-rich region and a 3DFRXXL F-actin binding motif in the N terminus (22) (23) (24) . MLCK has been shown to be expressed in IHCs (21) . In a recent study, mice carrying a specific deletion of MLCK in the IHCs (MLCK IKO mice) presented with impaired hearing, whose mutant IHCs produced ball-like structures around their hair bundles in vivo, displayed less resistance to hypoosmotic solution, manifested less membrane F-actin and reduced the phosphorylation of myosin light chain in vitro. The authors demonstrated that MLCK is necessary for maintaining the membrane stability of IHCs (21) . The exact role of MLCK in OHCs remains unclear. In the present study, using an animal model of mice with a specific deletion of MLCK in OHCs, we investigated the function and regulatory mechanisms of MLCK in OHCs, and found that MLCK has important functions in OHCs. : OHC-Cre) were used as controls (CTR). These mice were maintained on a 12-h light/dark cycle under specific pathogen-free (SPF) conditions in standard animal rooms of the National Resource Center for Mutant Mice (NRCMM) of China.
Materials and methods

Generation
Hearing tests. Acoustic brainstem responses (ABRs) reflect the response of the auditory system to acoustic stimuli. Distortion product otoacoustic emissions (DPOAEs) measure acoustic energy, which is generated in the form of otoacoustic emissions (OAEs), that are produced by OHCs in the cochlea. We measured ABRs and DPOAEs to perform a robust assessment of hearing impairment in mice.
MLCK OKO and CTR mice, ranging in age from 2 to 9 months, were used in the experiments. All tests were performed in a single-walled, soundproof booth and were repeated 3 times for each mouse. The mice were anesthetized by an intraperitoneal injection of avertin at an initial dose of 500 mg/kg body weight and maintained with a half-dose every 20 min. After testing was completed, all mice were kept warm on a heating pad, at 37˚C, until they fully recovered from the anesthesia.
ABR recordings. ABR waveforms were recorded with subcutaneous needle electrodes at the vertex (active), posterior bulla region of the right ear (reference) and tip of the nose (ground). An outlay trumpet was placed 10 cm in front of the nasal tip. Click and tone pips of 8, 16 and 32 kHz were generated using the evoked generation workstation system 3 (Tucker Davis Technologies Inc.; Gainesville, FL, USA) with computerized SigGen32 software. The response was averaged (n=1,024) and displayed from 110 to 0 dB with decreasing steps of 5 dB. The threshold of hearing was determined by observing the lowest intensity of sound required to elicit a characteristic waveform.
DPOAE recordings.
DPOAEs were recorded and analyzed with workstation system 3 (Tucker Davis Technologies Inc.) using computerized SigGen32 software. The acoustic probe was lengthened with a tapered plastic tube to ensure a tight fit in the external ear canal and the formation of a closed acoustic system. The f2/f1 frequency ratio was maintained at 1.20, and the value of f2 varied from 1 to 12 kHz (8 points). The sound intensities at each frequency (f1 and f2) were 65 dB. The signal-to-noise ratios (SNRs) of the DPOAE (2f1-f2) data at the various f2 values were obtained.
Histopathological analysis. Mice were euthanized with an overdose of avertin and were then perfused with phosphatebuffered solution (PBS) followed by 4% paraformaldehyde (Sigma-Aldrich, St. Louis, MO, USA). The acoustic capsule was removed. The cochleae were removed through an open window over the apical turn of the cochlea and stored overnight in 4% paraformaldehyde in PBS at 4˚C. For decalcification, the cochleae were incubated in 10% ethylenediaminetetraacetic acid (EDTA) (pH 7.4) for 5 days at 4˚C prior to standard histological examination. Briefly, the specimens were dehydrated in a graded series of ethanol solutions before being embedded in paraffin and the serial sections (7 µm) of the cochleae were stained with hematoxylin and eosin (H&E).
Scanning electron microscopy (SEM) assay. Mice were euthanized with an overdose of avertin and perfused with PBS followed by glutaraldehyde fixative (2.5% glutaraldehyde in PBS). Cochleae were selected and post-fixed again in glutaraldehyde fixative at 4˚C for 4-6 h followed by decalcification. For SEM, the bone and stria vascularis surrounding the cochleae were dissected, and the tectorial membrane was removed to expose the organ of Corti. The organ of Corti was fixed in 1% osmium tetroxide, dehydrated and critical point-dried. The organ of Corti was sputter-coated with gold and the images were collected using an S-3000 N scanning electron microscope (Hitachi, Tokyo, Japan) at 15 kV.
Immunofluorescence assay for inner ear sensory epithelia. The cochleae were removed through the round window, infused with 4% paraformaldehyde in PBS and post-fixed at 4˚C for 3 h. Following decalcification in 10% EDTA overnight at room temperature, the Corti sensory epithelium was dissected from the soft cochlea. The sensory epithelia were permeabilized with 0.5% Triton X-100 in PBS for 20 min and washed 3 times with PBS. Non-specific binding was blocked in PBS buffer containing 5% goat serum, 1% bovine serum albumin (BSA) and 0.1% Triton X-100 for 1 h at room temperature. The tissues were incubated with primary antibody overnight at 4˚C and washed 3 times with 0.1% Tween in PBS followed by incubation with the secondary antibody for 1.5 h at room temperature. In the experiments, anti-phospho myosin light chain 2 (Ser 19) antibody (1:150 dilution; Cell Signaling; Cell Signaling Technology, BSN, USA) was used as the primary antibody, and Alexa Fluor 488-conjugated goat anti-rabbit IgG and Alexa Fluor 555-conjugated goat anti-mouse or anti-rabbit IgG were used as the secondary antibodies (Molecular Probes; Carlsbad, CA, USA). F-actin was labeled by Alexa Fluor 488-conjugated Phalloidin (Invitrogen; Carlsbad, CA, USA), while DAPI (Sigma; Carlsbad, CA, USA) was used to stain the nucleus. Immunofluorescent signals were examined under an Olympus confocal microscope (Olympus, Tokyo, Japan).
Isolation of OHCs and measurement of the OHC diameter.
Three-month-old mice of either gender were anesthetized by an intraperitoneal injection of avertin. The bullae were excised, and the lateral wall of the cochleae and stria vascularis were removed with a fine needle under a dissection microscope. The organ of Corti was dissected, and OHCs were enzymatically isolated at room temperature with collagenase (type IV Sigma-Aldrich, 1 mg/ml). The isolated OHCs were transferred with a glass pipette to a chamber filled with D-Hank's solution, and their diameter was measured using an Olympus confocal microscope. The D-Hank's solution contained 136.9 mM/l NaCl, 5.4 mM/l KCl, 0.3 mM/l Na 2 HPO 4 , 4.2 mM/l NaHCO 3 and 0.4 mM/l KH 2 PO 4 (300 mOsm/l, pH 7.2). ImageJ software was used to analyze the diameter of the OHCs.
Statistical analysis. The data are expressed as the means ± SEM. Differences concerning the hearing and the diameter of the OHCs between the 2 groups were compared with one-way analysis of variance followed by a StudentNewman-Keul's t-test with a value of P<0.05 considered to indicate a statistically significant difference. We used the χ 2 test to analyze the data of the missing and disordered OHC stereocilia in the apex turn with P<0.01 as the level of significance. SPSS 17.0 (SPSS Inc., Chicago, IL, USA) software was used for statistical analysis.
Results
MLCK
OKO mice display an increased ABR threshold and decreased DPOAE amplitudes. We recorded and characterized the ABRs of MLCK OKO mice that were between 2 and 9 months of age and compared them with those of the control mice. An example of ABR waves is presented in Fig. 1A . The recordings were 10-msec-long and included a 2-msec pre-stimulus period. There were typically 4-5 waves in each 10-msec trace, as reported previously by Song et al (26) . Table I shows the ABR thresholds of the mice of different ages and at different frequencies.
The ABR thresholds did not differ significantly between the MLCK OKO mice and CTR mice at 2-5 and 8-9 months of age (P>0.05 for all frequencies). Compared with the CTR mice, the MLCK OKO mice (6-7 months old) displayed a significantly higher threshold in response to clicks (20 Fig. 1B and C for the 6-to 7-month-old age groups.
ABR was used to assess the function of the entire auditory pathway objectively, whereas DPOAE evaluated cochlear function. We measured the DPOAE thresholds of the MLCK OKO mice and CTR mice at the age of 3 months. In DPOAE testing, the distortion product 2f1-f2 was significantly decreased in the MLCK OKO mice compared with the control mice. Fig. 2 illustrates the comparison of the mean and standard error of DPOAE thresholds between the CTR and MLCK OKO mice. Significant differences were observed between the 2 groups of mice (t-test, P<0.01 at 4, 5 and 6 kHz frequencies). The threshold shifts occurred at 4, 5 and 6 kHz frequencies, and in the MLCK OKO mice, the average amplitudes of the DPOAEs decreased by >10 dB. Table I . The mean acoustic brainstem response (ABR) thresholds and their variance estimates (standard deviations) for each test, age group of mice and auditory stimulus, and the numbers of mice tested in each group. Histological analysis of the cochlea structure. Light microscopy analysis of the cochleae sections displayed the normal architecture of the organ of Corti with IHCs, OHCs, Hensen's cells, stria vascularis and spiral ganglion cells in 3-month-old MLCK OKO mice, although these mice displayed impaired hearing function (data not shown).
Tone frequency (kHz) ----------------------------------------------------------------------------------------------------------
By contrast, SEM assays of the MLCK OKO mice at 3, 5, 6, 7 and 9 months of age revealed the degeneration of the OHC stereocilia. On the surface preparation of each cochlea, the missing hair cell stereocilia were observed primarily in the OHCs towards the apex turn of the cochlea, which indicated that MLCK may have some influence on the aggregation of the stereocilia. However, we found fewer OHCs missing stereocilia in the cochlear basilar membrane of the CTR mice. The disarrangement of the OHC stereociliary bundles was another morphological finding. There was no observable loss of IHC stereocilia through the entire basilar membrane of the cochlea (Fig. 3) .
We separately counted the number of missing and disordered OHC stereocilia in the apex turn, and we conducted a Table II .
MLCK-deficient OHCs present reduced F-actin and RLC phosphorylation.
In order to determine whether the density of F-actin was altered, we stained the inner ear cells with phalloidin. Most of the phalloidin signal was distributed around the OHC cell membrane and the button area. The CTR IHCs had strong and continuous F-actin staining in addition to membrane structure. However, F-actin staining in the MLCK-deficient OHCs was weak and discontinuous (Fig. 4A) .
MLCK is a dedicated kinase for myosin light chain phosphorylation. RLC phosphorylation is also involved in various cellular processes, in addition to its important role in smooth muscle contraction. It has been demonstrated that Table II RLC phosphorylation enhances the formation of polymerized F-actin (27) . Thus, we measured RLC phosphorylation in OHCs by staining the phosphorylated RLCs with a specific antibody. In the MLCK OKO cochleae, many OHCs showed obvious weak staining of the phosphorylated RLCs in contrast to the cochleae of the CTRs (Fig. 4B) .
Diameter of MLCK-deficient OHCs is increased.
Changes in the volume of hair cells are important for hearing sensitivity, and cell volume is primarily regulated by membrane tethering and cytoskeleton organization (28, 29) . A comparison of the OHC diameters between 3-month-old MLCK OKO and control mice revealed that the diameters differed (Fig. 5) . Compared with the CTR mice, the OHCs of the MLCK OKO mice were longer and narrower (7.48±1.29 µm vs. 6.12±0.88 µm in diameter of CTR, P<0.01).
Discussion
Genetic and environmental factors are the two main causes of hearing loss. Genetic factors constitute 60% or more of the main reason of hearing loss (30) . Clearly identifying causative genes is the key to the study of hereditary hearing loss. The completion of the Human Genome Project has provided us with an important platform for hereditary hearing loss research. Notably, mice provide a good model system for studying human hearing loss due to the anatomical, functional, physiological and pathological similarities between humans and mice. When a candidate gene related to hearing loss in humans is proposed, we can verify the hypothesis by engineering similar mutations in mice.
It has been documented that there are hereditary deafnessrelated genes, including cytoskeletal proteins, extracellular matrix proteins, channel and gap junction proteins, transcription factors, mitochondrial genes and numerous other structures and signaling molecules. However, the mechanisms of action of these genes and their role in hearing remains unclear.
The cytoskeleton is a fibrous protein filament that maintains cell shape, cell movement, information transmission, energy conversion and other functions. The auditory system is complex, and the hair cells in the inner ear play a significant role in hearing. The protein components of the cytoskeleton of hair cells, such as actin, actin-binding protein, myosin, cadherin and Rho GTPases, are closely related to the mechanochemical and -electrical transduction processes in hearing. Mutations of these proteins may lead to abnormalities in the structure and function of the hair cell bodies and stereocilia. Actin and myosin are the basic components of the hair cell structure (31) (32) (33) (34) (35) . There are a variety of regulatory pathways involved in the interaction of actin and myosin in the smooth muscle. The phosphorylation of the Ca 2+ -dependent RLC is important in regulating MLCK enzyme activity (36) (37) (38) . MLCK may play an important role in active OHC regulation, as the cell body and stereocilia of the OHCs have a large amount of actin and myosin. We specifically deleted the Mylk gene in OHCs by crossing floxed Mylk mice with transgenic mice that expressed Cre in their OHCs. This type of mouse model is useful for clarifying the function of MLCK in OHCs.
OHCs can regulate cochlear sensitivity to sound stimulation and adjust the gain of the cochlear amplifier to moderate sound intensities. This process involves the stereociliary and somatic motility of OHCs. Thus, we specifically knocked out the Mylk gene in OHCs to elucidate its role in the hearing process.
We evaluated hearing impairment by testing ABRs and DPOAEs in mice. Compared with the controls, 6-to 7-monthold MLCK-deficient mice showed impaired hearing with a 5-to 10-dB SPL increase in ABR thresholds in response to clicks and tones, and 3-month-old MLCK-deficient mice had significantly reduced DPOAE amplitudes at low frequencies. The SEM results revealed that the stereocilia of the OHCs were missing, and stereocilia bundles were scattered on the apex turn. It has been documented that low-frequency hearing corresponds to OHCs in the apex turn. These results demonstrate that the deletion of MLCK has some influence on the active regulation of OHCs.
Our results aslo demonstrated that F-actin and RLC phosphorylation staining in MLCK-deficient OHCs was weak, and that their diameter was increased. MLCK may strengthen the cell membrane through non-kinase activity. MLCK can bundle F-actin and other motor proteins through the non-catalytic N-terminal extension to enhance the cytoskeletal structure and cell membrane. However, there was no significant difference in histology. Perhaps the role of MLCK in the regulation of OHC somatic motility is small, and is more dependent on prestin.
Transducer channels located at the tips of the stereocilia are mechanically gated by mechanoelectrical transduction. The channels open when the cilia are bent toward the tallest one, and close when they bend towards the opposite direction (39) . Stereocilia are rich in actin and myosin, and stereociliary motility is associated with Ca
2+
. The receptor potential of stereocilia is formed by K + influx and cell depolarization. It opens L-type voltage-dependent calcium channels and allows Ca 2+ influx, causing a series of reactions (40) . This model predicts that MLCK deletion can alter the architecture of the stereocilia and thus affect the transduction channels at the tips of the stereocilia. 
